Multifunctional capability, flexible design,rugged lightweight construction, and selfpowered operation are desired attributes for electronicsthat directly interfacewith the human body or with advanced robotic systems.For these and related applications, piezoelectric materials, in forms that offer the ability to bend and stretch, are attractive for pressure/force sensors and mechanical energy harvesters. In this paper we introduce a large area, flexible piezoelectricmaterial thatconsists of sheets of electrospunfibers of the polymer poly [(vinylidenefluoride-co-trifluoroethylene]. The flow and mechanical conditions associated with the spinning process yield free-standing, threedimensional architectures of alignedarrangements of such fibers, in which the polymer chains adopt strongly preferential orientations. The resulting material offers exceptional piezoelectric characteristics, to enable, as an example, ultra-high sensitivity for measuring pressure, even at exceptionally small values(0.1 Pa). Quantitative analysis providesdetailed insights into the pressure sensing mechanisms, and engineering design rules. Applications range from self-powered micromechanical elements, to self-balancing robots and sensitive impact detectors.
An emerging development trajectory inelectronics focuses onportable and flexible devicesfor applicationssuch as those that involve integration with the human body,as health/wellness monitors, surgical tools, sensor networks, artificial muscles and engineered tissue constructs [1] [2] [3] [4] .In the field of robotics, similar technologies can be important inefforts to optimize human-like manipulation schemes for robust modes of interaction in complex daily environments, at home or at work 5 .Flexible,rugged and lightweight constructionare keyrequirements, for both areas.Devices that exploitmechanical motions as natural sources of power can be particularly valuable [6] [7] [8] [9] [10] .Likewise,precision tactile sensorsmight represent first steps toward realization of artificial, electronic skins that mimick the full, multi-modal characteristics and physical properties of natural dermal tissues, for potential uses in robotics and human healthcare alike. Advanced materials will becritical to progress, particularly for integrated arrays that offerhigh sensitivity in the low-pressure regime (<1kPa). Previous examples include flexible, matrix-type arrays of pressure or strain sensors based on conductive rubbers [11] [12] [13] . Although such sensors have simple designs, their performance is modest, with pressure sensitivities around0.5 kPa 11 and response slopes, in terms of resulting materials are mechanically robust and can be handled easily, with the capability to be bent or twisted without fracture. Under bending conditions, these fibers exhibit currents up to 30 nA and voltage ≥ 1 V.Furthermore, detailed characterization and modelling studies indicate distinctive piezoelectric features, due to underlying alignment at the scale of both the polymer chains and the fibers. Flexible pressure sensors built simply by establishing electrical contacts to the ends of the aligned fibers show excellent sensitivity in the low pressure regime (0.1 Pa) and respond to both compressive and bending forces.Alternative device architectures allow other modes of use, in sensors of acceleration, vibration and orientation.
Results

Free-standing arrays of aligned nanofibers.
The optimal fiber spinning process occurs with a potential of 30kV between a nozzle tip with inner diameter of 200 μm, fed by a syringe pump at a flow-rate of 1mL/hr, and a collector at a distance of 6 cm. See Fig. 1 . A unique feature of this setup is a collector disk with sub-cm width that rotates at angular speeds as high as 4000 rpm, corresponding to linear speeds > 16 m/s at the collector surface.The consequence of this arrangement is that it forces overlapping fibers, which yields mesoscopic joints and significantly enhanced mechanical robustness. Using a high boiling point (i.e.
slowly evaporating) solvent such as DMF (Tb: 154°C) helps to ensure the formation of such joints as shown in Fig. 2 . Joint lengths range from hundreds of nanometers to tens of micrometers. In most of cases, fibers are arranged in groups where mutual adhesion through formation of these joints takes place ( Fig. 2a and 2b ). Occasionally, joined fibers remain strictly parallel, twist or cross at certain angles with respect to each other (Fig.2c,d ,e). The present set-up enables fiber arrays with widths of 0.8 cm, lengths of 25 cm and thicknesses of 10-40 μm, depending on the spinning time duration (Fig. 1b-c) .The averagefiberdiameter for materials studied hereis 260 nm, with a distribution that appears in Fig. 1d . Thearrayshave densities of~2×10 7 fibers per mm 2 of crosssectional area, andan overall porosity of 65%. The alignment is uniform over many centimeters crystalline phase (β-phase)that is stable at room temperature 29 .The ferroelectricity stems from electrical dipoles created by hydrogen and fluorine atoms in the VDF molecules, which are positioned perpendicularly to the polymer backbone 30 .X-ray diffraction (XRD) patterns provide information on the long-range order and the crystal structure of both aligned arrays and random networks ( Fig.3a, b) .The results indicate that the overall crystallinity of the material in the aligned arrays is ~ 48% , while that for the random mats is 40%. The former value is, in fact, comparable to that of the best previous results producedin thin films by stretching 31 . Adistinguishing feature of the fiber arrays is that the rotating collector significantly enhances the fraction of the polar β-phase, as is shown in the X-ray results of Fig. 3a Fig.3d) ,and a corresponding reduction in the intensity of bands sensitive to dipolar orientation (508, 846, 1285, and 1431 cm -1 ).These results suggest a preferential alignment of the main molecular chains along the fiber longitudinal axisand, at the same time, an enhancement of the orientation of piezoelectric active dipoles (C-F) in the direction perpendicular to this axis( Supplementary Fig. S3a ). This finding is consistent with a preferential dipolar alignment along the direction of the electrospinning field during fiber collection (Fig.   1a ).FTIR spectra collected under different polarization conditions highlight an exceptional level of alignment, even compared with previous experiments using rotating collectors, 26 for which the fibers exist in moderately aligned mats. For instance, the ratio of intensities of absorption bands at 846 cm -1 and 1285 cm -135 which are indicative of the symmetric stretching vibration of the piezoactive (C-F) dipoles, under different polarizations are 2 and 2.6 respectively, about two times higher than correspondingratios inprevious reports 26 .This result is attributable to the combined effects offour-fold higher rotational speed (namely, 2.3-times higher linear speed)of our collector, which causes tighter mutual alignment of nanofibers and concomitantly stronger stretching, and to excellent fiber alignment. We note that such polarization effects arenot observed in free-standing P(VDF-TrFe) films (SupplementaryFig. S3c),where preferential chain alignment is not expected, and in randommats, mainly due to the random alignment of fibers (SupplementaryFig. S3d)[We note that the mats showed higher degree of crystallinity compared to the films (40% vs 35%), consistent with expected effects of electrospinning.]
Piezoelectric sensor: experimental and theoretical studies.
These characteristics make fiberarrayspromising as building blocks for ultrasensitivepiezoelectric sensors. Devices, formed simply by establishing electrical contacts to the ends of a ribbon-shaped sample of fiber arrayson a flexible polyimide (PI) support (Kapton; thickness selected between 75 and 225 μm), reveal large response to even minute applied pressures (Fig. 4) .To evaluate the sensitivityquantitatively, a soft elastomer(PDMS posts in Fig.4a )deliveredwell defined levels of pressure to the arrays, while the electrical response was measured.Data in Fig.4chighlight (Fig.4d ).These response slopes, which provide a measure of sensitivity that is independent of data acquisition systems, together with the observed broad dynamic range, provide unique operation compared to that provided by other sensors based on capacitive (0.55 kPa -1 in units of relative capacitance, in a range of 0.5-2 kPa) 15 and piezoelectric (0.1 mV/Pa, in a range of 0.01-30 Pa) 18 effects, as well as most force and tactile sensing methods that are currently available for in-hand manipulation in robotics 36 .
The observed behaviors can be well explained by an analytic piezoelectric model. Consider a resultantprojected component of piezoactive dipoles along the longitudinal axis of the fibers,x 3, as induced by the deformation (Fig.4b) . The fiber arrayare transverselyisotropic with elastic, piezoelectric, anddielectric constants c ij , e ij , and k ij 37 , respectively.For an applied compression -p along the x 1 direction (normal to fibers, Fig.4a ) over aneffective contact length L eff (Fig.4a) suggests that the voltage is independent of the total length L PVDF-TrFe (Fig.4e ) of the P(VDFTrFe)fiber arrays, which is also consistent with experimental results ofFig.4c.
Additional behaviours were observed in dynamic bendingexperimentsperformed usingfiber arrays on PI films with thicknesses between75 and 225μm. A flexural endurance tester (IPC, CK-700FET) subjected the samples to cycling bendingtests at 1 Hz (Fig.5c ,e) and 2 Hz (Fig.5d,f) .During compression, the sample buckledto generate abentshape (Fig.5a) ,with curvature consistent with simple mechanics considerations.The measurements showed a periodic alternation of positive and negative output peaks, corresponding to the application and release of the buckling stress, respectively (Fig.5b) . The ranges of short-circuit current and voltage outputs were 6-40 nA and 0. , which is larger than that for films (~-0.4 C/m 2 ) 37 because of the strong anisotropy of arrays due to their fibrous structure.
For voltages measurements, Vis no longer zero. The electric displacement becomes 
Pyroelectric response.
The pyroelectric response in these systems was also studied by measuring the current and voltage output upon heating/cooling cycles with a temperature range of 6 K around room temperature (SupplementaryFig.S4 and Supplementary Note 4). [40] [41] [42] The measured pyroelectric coefficient 41 for the fiber arrays was 
which was also given by Lubormisky et al. 41 , and is also shown in Supplementary Note 5. Equation Vibration sensor, accelerometer and orientation sensor.
As demonstrators, we built devices capable of measuring vibration/acceleration and orientation.
For the first, the fiber array serves as a diaphragm across a hole opened in a underlying plastic film, sealed over the closed cavity of a transparentbox (Fig.6a ). Through the plastic film, movements are transmitted from the box frame to the array,which then operates asa vibrating mass of ~3 mg. For quantitative analysis of alignment, SEM micrographs were converted to 8-bit grayscale TIF files and then cropped to 880×880 pixels. ImageJ software (NIH, http://rsb.info.nih.gov/ij) supported by an oval profile plug-in (authored by William O'Connell) was used for radial summation of pixel intensities. All FFT data were normalized to a baseline value, and FFT images were rotated by 90° for better visualization.
X-ray and spectroscopic characterization.
XPS spectra of fibers were collected using a Kratos Axis ULTRA X-ray photoelectron spectrometer with monochromatic Al Kα-excitation, 120 W (12kV, 10 mA). To reduce the effects of surface charging, the monochromatic source was operated at a bias voltage of 100 V. Data were collected using the low magnification (FOV1) lens setting with a 2 mm aperture (200 μm analysis area) and charge neutralizer settings of 2.1 A filament current, 2.1 V charge balance and 2 V filament bias. Survey spectra were collected at a pass energy of 160 eV and high resolution spectra were recorded using a pass energy of 40 eV. The data were fitted with Gaussian-Lorentzian line shapes.The binding energy scale was referenced to the aliphatic C 1s line at 285.0 eV. IR spectroscopy was performed with an FTIR spectrophotometer (Spectrum 116 100, Perkin-Elmer Inc.), equipped with an IR grid polarizer (Specac Limited, U.K.), consisting of 0.12 μm wide strips of aluminum. The 4 mm wide beam, incident orthogonally to the plane of the sample, was polarized alternatively parallel or orthogonal to the main axis of fiber alignment.FTIR measurements performed on different samples and on different points of the same sample yielded similar results.A PANalyticalX'pert MRD system, with Cu k-alpha radiation (wavelength 0.15418 nm), crossed-slit collimator as primary optics, and secondary optics consisting of a parallel plate collimator, a flat graphite monochromator and a proportional detector, was used for XRD measurements. A detailed scheme of the XRD set-up we used is reported in Supplementary Fig. S10 . The crystallinity of the fibers was calculated from the area of the diffraction peaks (above the background) divided by the area of the whole diffraction curve. During X-ray analysis, samples were mounted on a low-background quartz holder. The instrument contribution to the background in the diffraction data was determined by separate measurements of the quartz holder without samples.
Pressure sensor fabrication and characterization. Fig. S11 ).All measurements were performed at 20°C.
P(VDF-
Bending measurements.
Cycling tests and bending experiments were performed by using IPC Flexural Endurance Tester 
Additional information
Competing financial interests:
The authors declare no competing financial interests. X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that was used to calculate copolymerization ratio of PVDF-TrFEfiber array. XPS spectra were collected using a Kratos Axis ULTRA X-ray photoelectron spectrometer with monochromatic Al Kα excitation, 120 W (12kV, 10 mA). In order to reduce the effects of surface charging, the monochromatic source was operated using a bias voltage of 100 V. Data were collected using the low magnification (FOV1) lens setting with a 2 mm aperture (200 µm analysis area) and charge neutralizer settings of 2.1 A filament current, 2.1 V charge balance and 2 V filament bias. Survey spectra were collected at a pass energy of 160 eV and high resolution spectra were collected using a pass energy of 40 eV.
The data were fitted with Gaussian-Lorentzian line shapes. The binding energy scale was referenced to the aliphatic C 1s line at 285.0 eV.
The copolymerization ratio was calculated by two different methods:
1) using Atomic concentrations calculated by curve fitting Considering, the total % of Fluorine, % F= 16.03+36.73= 52.76 and that of Carbon, % C= 2.39+17.22+6.43+20.44+0.77=47.25
The atomic ratio is 0 90
By taking into account the molecular formula of PVDF, ( , the atomic ratio can be represented as,
Equaling (i) and (ii),
Therefore, the fraction of PVDF, x= 0.78 and the fraction of TrFe, 1-x = 0.22 2) using peak area ratios calculated by using C1s curve fitting: The fraction of PVDF equals to 0.73, while the fraction of TrFe is 0.27
From the XPS spectra, the stoichiometric ratio (in atomic percent) of two elements, C and F, in the P(VDF-TrFe) film is determined. Co-polymerization ratio of PVDF:TrFe (0.73:0.27) from XPS results shows excellent agreement with actual co-polymer ratio of commercial PVDF:TrFE (0.75:0.25).
Supplementary Note 2. Piezoelectric analysis of PVDF-TrFefiber arrays under compression
The 
Consider a uniaxial compressionapplied along the x 1 direction (normal to fibers, Fig. 3a) instantaneously at time t=0, i.e., i.e., 
where the last approximation holds when the compression of PI substrate 
The pure bending of PIsubstrate, together with the traction-free condition on the surface of the fiber arrays, gives 11 0 σ = in the fiber arrays. Its substitution into Eq. (S1) yields ( ) ( ) 
where the electric displacement D 3 is spatially invariant (established from the charge equation 3 3 0 dD dx = ) and is to be determined.
Current
The voltage across the length of the fiber arrays L PVD-TreF is zero, 
The electric charge is the product of -D 3 
For the representative L Δ in the main text, the maximum current in Eq. (2) is obtained.
Voltage
Let V denote the voltage across the length of the fiberarrays L PVDF-TrFe after the fiberarrays is connected to a voltmeter. This requires 
Its relation with the resistance R of the voltmeter leads to Eq. (3) and the maximum voltage in Eq.
(4).
Supplementary Note 4. Pyroelectric measurements
Pyroelectric effects were investigated by measuring both the current and voltage output of a nanofiber array device using the continuous heating/cooling method at zero dc voltage and at a constant heating/cooling rate between 1 to 6 K/min. A small stage (All Electronics Corp.; 40x44 mm, which closely matches the lengths of the fibers) was used to investigate effects of temperature on just the fiber region of the device as shown in Figure S4a . We also used a slightly larger stage (Monster; 62x62 mm) as shown in Figure S4b to examine the effects of temperature on the entire device, including the electrode contacts. The heating rates and temperature ranges correspond, roughly, to those in references 40, 41, 42 . Figure S4 provides a schematic illustration of the setups.
Throughout the experiments, the sample temperature was measured with a NiAl thermocouple and a Model HH21 Omega microprocessor thermometer. The pyroelectric coefficientcan be measured by the Lang-Steckel method 41 .The governing equation for the pyroelectric effect is
where α is the pyroelectric coefficient, and T is the change of the temperature. For current measurements using an ammeter, the voltage across the fiber length, and therefore the electric field Figure S7c ). In this last case, collected fibers take the form ofisolated strands (about 7 x10 2 roughly parallel fibers per mm) with an average diameter ~570 nm.
Such fibers have non-uniform morphologies, with both flat and porous surfaces, and in short, discontinuous segments due to the presence of necks and beads ( Figure S7d ).
At lower concentrations, the maximum electrospinning time could be extended to ~15 minutes with ACE (corresponding to 300 μL of solution at the lowest concentration of 12% w/w) before needle clogging stopped irreversibly the electrospinning process. Fibers in this case appear in the form of isolated strands (2 x 10 3 fibers per mm) with an average diameter of ~340 nm. As with MEK, fiber continuity is interrupted due to the formation of numerous beads (width of 2-8 μm and length of 5-20 μm) and the surface morphology of the fibers is inhomogeneous. In general, such discontinuities are observed at any solution concentration ( Figure S7e ).
Using THF, electrospinning was not interrupted by needle clogging, but the produced fibers are, nevertheless, discontinuous with beads and a large variety of surface morphologies. Fibers exhibit an average diameter of ~570 nm, and a density below 1x10 3 fibers per mm for solutions at 12% polymer/solvent ( Figure S7f ). Finally in case of MEK beads and surface discontinuity can be strongly reduced but the resulting fibers are still in the form of isolated strands (1x 10 2 fibers per mm) with an average diameter of 590 nm even after 1 hour of continuous spinning ( Figure S7g ).
